Abstract. ATAD2 is associated with many cellular progresses such as cell growth, differentiation and apoptosis. Some studies suggest ATAD2 is highly expressed in cancer cells. In our previous studies, we found that ATAD2 is highly expressed in HCC tissues, compared with adjacent normal tissues, and patients with high expression of ATAD2 had a poorer prognosis. Moreover, we found mir-372 can regulate the expression of ATAD2 in HCC cell lines. We also detected a relationship between the mRNA expression of ATAD2 and Ptch1 by gene microarray. Here, we completed the function studies of ATAD2 in vivo and in vitro, and tested whether ATAD2 could regulate the Hh pathway. ATAD2 and Hh pathway protein expressions in 80 HCC specimens were examined by immunohistochemistry (IHC). The mRNA expression of ATAD2 and Hh pathway members in paired-HCC tissues and cell lines were, respectively, analyzed using quantitative PCR. ATAD2-RNAi was transduced into HCCLM3 and Huh7 cells, using a lentiviral vector. The effect of ATAD2 in HCC cell lines on cell cycle and apoptosis were evaluated by flow cytometry. Tumorigenicity experiments in nude mice were performed to test the function of ATAD2 in vivo. Pharmacological regulation of Hh signaling was performed to test the relation between the ATAD2 and Hh pathways and C-myc. We found that ATAD2 and Ptch1 were both highly expressed in HCC tissues, compared with paired normal hepatic tissues. In addition, we found that ATAD2 could affect the expression of the Hh pathway by PCR and western blot anaysis in HCC cell lines, by observing the outcome before and after transfection. We speculate that ATAD2 cooperates with the MYC gene to regulate the expression of SMO and Gli, activating the Hh pathway and inducing an active feedback of the Hh pathway.
Introduction
Hepatocellular carcinoma (HCC) is the fifth most common malignant tumor worldwide with an incidence of about 626,000 cases each year (1, 2) . In China and Southeast Asia, HCC is highly associated with viral hepatitis B and cirrhosis (3) . Prognosis of patients with HCC have been improved largely because the surgical techniques and diagnostic methods have greatly improved in recent years, but long-term prognosis is still unsatisfactory largely due to the high recurrence and invasion rates even after resection (50-70% at five years) (4, 5) . How to predict which patients are likely to experience recurrence earlier after resection is a challenge to surgeons.
ATAD2, a member of the AAA+ ATPase family of proteins, was identified by microarray analysis (6) . ATAD2, the predicted protein product which contains both a bromodomain and an ATPase domain, maps to chromosome 8q24, in a region that is frequently found amplified in cancer (7) . The structure of ATAD2 suggests its functions relate to genome regulation including cell proliferation, differentiation and apoptosis. Studies have revealed that ATAD2 is highly expressed in several types of tumors such as breast cancer, lung cancer, large β-cell lymphoma (8) (9) (10) . It is also highly expressed in hepatocellular carcinoma detected by RNA-seq (11) .
The sonic hedgehog (SHH) signaling pathway was shown to play a critical role in hepatocellular carcinoma, regulating the cancer cells growth and differentiation (12) (13) (14) . HH pathway is frequently activated in HCC, and patched homolog 1 (Ptch1) and glioma-associated oncogene-1 (like Gli2) are the key genes in the Hh pathway. Hh protein binds to its receptor human Ptch1, and relieves Ptch1 inhibition on smoothened (SMO), subsequently Smo triggers a series of intra-cellular events with resultant activation of the zinc finger transcription effectors, glioma-associated oncogenes (Gli1, Gli2, Gli3) transcription factors, which induce the expression of numerous target genes, such as Ptch1, Hip, Gli2 and Wnt, regulating proliferation, and differentiation (15) (16) (17) .
In our previous studies, we detected ATAD2 as highly expressed in HCC tissues, compared with adjacent normal tissues, and the patients with high-expression ATAD2 had a poorer prognosis, and ATAD2 influenced HCC cells proliferation, invasion and migration by transfection with ATAD2-siRNA-plasmid (18) . Moreover, we also found mir-372 can regulate the expression of ATAD2 in HCC cell lines, and ATAD2 is the target gene of mir-372. In the present study, firstly, we found that there was a relationship between the mRNA expression of ATAD2 and PTCH1 by PCR microarray (Fig. 1) . Then, we further investigated the function of ATAD2 in vivo and in vitro by transfection with ATAD2-RNAi-lentivirus, and tested whether ATAD2 could regulate the Hh pathway. Moreover we investigated whether ATAD2 could activate the Hh pathway in HCC.
Materials and methods

Human Signal Transduction PathwayFinder PCR Array.
The Human Signal Transduction PathwayFinder RT 2 Profiler PCR Array (SABiosciences) profiles the expression of 84 key genes responsive to signal transduction pathway activation or inhibition. We set the two groups as normal control, and ATAD2-RNAi groups. The GAPDH gene was used as a reference control. The cDNA normal control, and ATAD2-RNAi groups were inserted in PCR array. Following data collection, the relative levels of gene expression were presented as ∆Ct=Ct gene-Ct reference and the fold change in gene expression was calculated using the 2 -∆∆Ct method. Semi-quantitative assessment and scoring. ATAD2 and Hh pathway gene expression levels were scored semiquantitatively according to the percentage of positively stained cells combined with the staining intensity. Samples were considered positive for ATAD2 and the Hh pathway genes if the nucleus or cytoplasm of the sample cells were positively stained.
The positivity was defined as: 0, 0%; 1, 1-10%; 2, 11-50%; 3, 51-80%; and 4, >80%. The staining intensity was scored as 0, no staining; 1, weakly stained; 2, moderately stained; and 3, strongly stained. Both the percent of positivity and the staining intensity were assessed by two investigators in a blinded manner. The ATAD2 and Hh pathway gene expression scores were calculated from the value of positivity score x the staining intensity score. This value thus ranged from 0 to 12, and the tumors were classified into the following: negative (-), score 0; lower expression (1+), score 1-4; moderate expression (2+), score 5-8; and strong expression (3+), score 9-12. The immunohistochemical ATAD2 and Hh pathway gene staining was grouped into two categories: low expression (0/1+) and high expression (2+/3+).
Construction and identification of the RNAi lentivirus vector.
The HCCLM3 and Huh7 cells were plated and cultured in 24-well plates until cell fusion reached 60%. Next, the appropriate amounts of lentivirus were added to the cells according to MOI values (5x10 4 TU/well in ATAD2-RNAi group). Twelve hours later, the medium was removed and replaced with fresh culture medium. Three days later, the GFP gene expression was observed under a fluorescence microscope. The effect of the RNAi-lentivirus on the expression of ATAD2 gene was assessed by determination of the mRNA and protein levels of ATAD2 in the Huh7 and HCCLM3 cells after infection with lentivirus for 4-7 days; real-time polymerase chain reaction (PCR) and western immunoblot analyses were used for these assessments. The liver cancer cell lines Huh7, HCCLM3 were obtained from the Shanghai Cell Bank (Shanghai, China). Huh7, HCCLM3 cells were grown in DMEM (Invitrogen). All media were supplemented with 10% fetal calf serum (Invitrogen) and 100 IU/ml penicillin (Sigma, St. Louis, MO).
Cell apoptosis and cell cycle analysis. Huh7 and HCCLM3 cells in 6-well plates were transfected with ATAD2-RNAi-lentivirus or control. Cells seeded at a density of 5x10 5 per well were trypsinized, and collected and stained using the FITC Annexin V Apoptosis Detection Kit (Keygene, China). Cell cycle analysis was performed after staining with propidium iodide (Keygene, China). Both apoptosis and cell cycle distribution were quantified using a flow cytometer.
Cell invasion and migration assay. Huh7 and HCCLM3 cells were transfected with ATAD2-RNAi-lentivirus. Cells were then seeded onto a synthetic basement membrane present in the inset of a 24-well culture plate. In the invasion assay, polycarbonate filters coated with 50 µl Matrigel (1:9, BD Bioscience) were placed in a Transwell chamber (Costar). In the migration assay, no Matrigel was placed in the chambers. Fetal bovine serum was added to the lower chamber as a chemoattractant. Cells were then incubated at 37˚C and allowed to invade through the Matrigel barrier for several hours. After incubation, filters were fixed and stained with 0.1% crystal violet solution. Non-invading cells were removed using a cotton swab, and invading cells on the underside of the filter were counted with an inverted microscope.
Tumorigenicity experiments in nude mice. Forty male nude mice weighing 18 to 20 g, provided by Shanghai Laboratory Animal Center (Chinese Academy of Science, China), were bred under aseptic conditions; the animals were housed in an area with a constant humidity of 60-70% and a room temperature of 18-20˚C. Animal maintenance, husbandry and experimental procedures were performed in accordance with the rules of China Medical University for the Use of Experimental Animals and approved by the Medical Animal Care and Use Committee of China Medical University (Shenyang, China). All of the mice were separated into two groups as described above: normal control, and ATAD2-RNAi groups. Lentivirus transfected cell groups were administered a subcutaneous injection (0.1 ml of a solution containing 1x10 4 cells/ml). The mice were examined every 5 days and were sacrificed 28 days after the initial subcutaneous injection. The tumors were resected and weighed.
Pharmacological regulation of Hh signaling. The HCCLM3 line was treated with pharmacological Hh inhibitors, cyclopamine, or KAAD-cyclopamine dissolved in sterile DMSO as per the instructions of the manufacturer. For all experiments, Cyc-and KAAD-treated groups were compared to blankcontrol groups.
Statistical analyses. SPSS 19.0 for Windows was used for all analyses. The χ 2 test was used to evaluate associations between different gene expression and clinicopathologic parameters. A Cox repression model was performed for the univariate and multivariate analysis of prognostic variables. A P-value of <0.05 was defined as significant.
Results
Hh pathway was detected in Human Signal Transduction
PathwayFinder PCR array. To find the downstream related pathway of ATAD2, which could influence the growth of HCC, we set the two groups as normal control, and ATAD2-RNAi groups in Human Signal Transduction PathwayFinder PCR Array. The result showed that the mRNA expression of Ptch1 was significantly reduced in ATAD2-RNAi groups, compared with normal control groups (Fig. 1) . Therefore, Hh pathway was detected in our study, and we speculated that ATAD2 might regulate the Hh pathway in HCC. IHC. ATAD2 and the protein of the key genes in Hh pathway were evaluated by IHC in the 80 HCC specimens. ATAD2 was overexpressed (2+ to 3+) in 67.5% tumor samples (54/80) and low-expressed (1+) in the other 11 cases (27.5%). Ptch1 was overexpressed (2+ to 3+) in 55% of the tumor samples (44/80) and low-expressed (1+) in the other 11 cases (45%). SMO was overexpressed (2+ to 3+) in 52.5% of the tumor samples (42/80) and low-expressed (1+) in the other 11 cases (47.5%). Gli2 was overexpressed (2+ to 3+) in 72.5% of the tumor samples (58/80) and low-expressed (1+) in the other 11 cases (27.5%). The specimen location of ATAD2 was in the cytoplasm and cell nucleus. Ptch1 was in the cytoplasm and membrane, SOM and Gli1 located in the nucleus and cytoplasm. The Hh pathway genes were highly expressed in the same sites as the ATAD2 high expression, such as PTCH1, SMO, Gli2. There was a significant association between the immune intensity of ATAD2 and the protein of the key genes in Hh pathway in the same specimens (Fig. 1) .
Clinical significance of ATAD2 protein expression in HCC.
To evaluate the clinical significance of expression of ATAD2 and Hh pathway genes in HCC samples, we detected their protein expression by IHC, and found patients with high ATAD2 protein expression had metastases (P<0.05), and patients with high Ptch1 protein expression correlated with late tumor stage (P<0.05), and patients with high Gli2 protein expression had metastasis (P<0.05) ( Table I) . Patients with high SMO protein expression tended to correlate with the tumor size.
The multivariate analysis demonstrated that ATAD2 status, Ptch 1 status, Gli 2 status, the tumor size, and metastasis were significant prognostic factors for HCC patients (Table II) .
Validation of ATAD2-RNAi-lentivirus and mRNA and protein expression of the genes in Hh pathway in cell lines.
The studies showed that ATAD2-RNAi transfection could significantly reduce the level of ATAD2 mRNA (P<0.05, Fig. 2A and B) and protein (P<0.05, Fig. 2C ) in the ATAD2-RNAi-lentivirus group in Huh 7 cells and HCCLM3 cells, compared with the control groups. Moreover, mRNA and protein expression of the genes in Hh pathway consistently changed following the downregulation of ATAD2. The protein level in western blot analysis showed that the ratios between ATAD2 and the key gene protein in the ATAD2-RNAi-lentivirus groups and normal control groups. The ATAD2, Ptch 1, SMO, Gli2 protein in ATAD2-RNAi were 1.5, 1.0, 1.25 and 1.25-fold, respectively, compared to normal control groups (P<0.05, Fig. 2 ). This result suggests that the mRNA and protein level of Hh pathway are all reduced, after the transfection of ATAD2-RNAi lentivirus vector.
Depletion of ATAD2 influences the cell apoptosis and the cell cycle.
We explored further the ATAD2 functional significance in HCC cells. To test whether expression of ATAD2 affects apoptosis in HCC cells, we performed an apoptosis assay by FACS analysis. Transfection of ATAD2-RNAi-lentivirus resulted in a significant increase in the percentage of apoptotic cells, compared with the normal control, in HCCLM3 cells (Fig. 3A) . To test whether expression of ATAD2 affects the cell cycle in HCC cells, we performed FACS cell cycle distribution analysis after 48 h transfection of the ATAD2-RNAi-lentivirus in HCCLM3 cells, suggesting that knockdown ATAD2 induced cell cycle arrest (Fig. 3B) .
Depletion of ATAD2 influences the invasive and migratory capacity of liver cancer cells. Cell invasion and migration
assays demonstrated that the Huh7 and HCCLM3 liver cancer cell lines transfected with ATAD2-RNAi-lentivirus displayed more attenuated invasive and migratory capacities than those of the normal controls (Fig. 4) . The depletion of ATAD2 in Huh7 (control vs. ATAD2-RNAi: 60±11 vs. 28±5, P<0.001) and HCCLM3 (control vs. ATAD2-RNAi: 72±13 vs. 29±7, P<0.001) cells led to a significant reduction in migratory cells (Fig. 4A) . The invasion ability of Huh7 (control vs. ATAD2- RNAi: 85±11 vs. 37±5, P<0. 01) and HCCLM3 (control vs. ATAD2 siRNA: 68±12 vs. 27±6, P<0.001) cells was also significantly reduced (Fig. 4B) .
Univariate Multivariate ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
ATAD2-RNAi influences the cell cycle and inhibits tumor growth in nude mice.
To test whether knockdown of ATAD2 could suppress the tumorigenicity of HCC cells in vivo, a xenograft model in nude mice was used. Twenty-eight days after the mice were injected with Huh7 cells and ATAD2-RNAi-lentivirus transfected Huh7 cells, the weights of the tumors in the control, ATAD2-RNAi groups were 0.56±0.11 and 0.37±0.09 g, respectively. Thus, treatment with ATAD2-RNAi inhibited the growth of tumors as compared with the control groups (P<0.05, Fig. 6 ).
ATAD2 may mediate MYC gene to regulate the Hh pathway.
Some previous research showed that ATAD2 could cooperate with MYC in activating transcription, and ATAD2 is limited and required for the efficient transcriptional activation of a subset of MYC target genes, and Myc-interacting Zinc finger protein 1 (Miz1) as a Smo and Gli2 binding protein that positively also could regulate the Hh signaling pathway. Thus, we speculated that ATAD2 may mediate C-Myc to regulate the Hh pathway.
To investigate this hypothesis, we detected the MYC mRNA expression after transfection with ATAD2-RNAi-lentivirus. The mRNA expression of Myc was significantly reduced in Huh7 cells and HCCLM3 cells, compared with normal control (P<0.05) (Fig. 1) , suggesting depletion of ATAD2 could reduce the mRNA expression of Myc and the key genes in the Hh pathway. Moreover, to test whether the Hh pathway inhibition could regulate ATAD2 and MYC expression activity, we investigated the mRNA expression of ATAD2, SMO, Gli2 and found that Myc was reduced by all treatments with KAAD-Cyc (Fig. 7) . Therefore, we speculate there may be a mutual regulation between ATAD2 and the Hh pathway.
Discussion
ATAD2 has been demonstrated as a novel candidate oncogene and possibly a therapeutic target for several types of human cancer (7) (8) (9) (10) . The Hh pathway has also been demonstrated to have a strong relationship with the progression of HCC (12) (13) (14) . Based on PCR array analysis, we suggested that there may be a relationship between ATAD2 and the Hh pathway. In our study, the abnormal expression of ATAD2 and Hh pathway in HCC were studied. IHC detection showed that ATAD2 was located in the nucleus and the cytoplasm, Ptch1 was located in the cytoplasm and membrane, SOM and Gli2 were located in the nucleus and cytoplasm. Furthermore, ATAD2 and Hh pathway were both consistently highly expressed in hepatic cancer tissues, but at low levels in normal liver cells. Moreover, RT-PCR also showed the high expression of ATAD2 and the Hh pathway at mRNA level. These findings provide evidence that the upregulation of ATAD2 and Hh pathway may play an important role in HCC tumorigenesis, and we speculate there may be a pathway between ATAD2 and the Hh pathway.
Combined with the clinicopathological characteristics of all tissue samples, correlation analyses indicated that the high expression of ATAD2 in the HCC tissues was positively correlated with tumor metastasis. PTCH1 was positively correlated with tumor stage, and Gli2 was positively correlated with tumor metastasis. These results demonstrated that the upregulation of ATAD2 and Hh pathway in HCC might both play an important role in promoting malignant tumors, and we suggested that ATAD2 might regulate the Hh pathway in the metastasis and proliferation of hepatic malignant tumors. Furthermore, we found that the high expression of ATAD2 and Ptch1 and Gli2 in HCC was a strong and independent predictor of shortened overall survival. Similar results have been observed in other human malignancies, such as esophageal, gastric, colon and breast cancers (7) (8) (9) (10) (11) (12) (13) (14) .
To elucidate the expression of ATAD2 and Hh pathway and the function of ATAD2 in HCC, in further experiments we showed that the mRNA and protein expression of ATAD2 and Ptch1, SMO and Gli2 in HCCLM3 and Huh7 cell lines, and the mRNA and protein expression of ATAD2 and Hh pathway were statistically higher in Huh7/HCCLM3 cell lines than in the ATAD2-RNAi-lentivirus. ATAD2 was able to regulate HCC cell proliferation, migration and invasion, and depletion of ATAD2 could inhibit the tumorigenicity of Huh7 cells in nude mice. These results were in agreement with previous studies that showed that ATAD2 was closely involved in several key regulatory mechanisms to control cell proliferation or tumor metastasis.
The mechanism of the impact of ATAD2 on Hh pathway is still unknown. But previous study showed that ATAD2 has a bromodomain that could mediate histone hyperacetylation and is able to bind acetylated lysines in histones and other proteins (19, 20) . ATAD2 bromodomain appears to play a role in supporting the proliferation of cancer cells. A series of pull-down experiments suggested that ATAD2 bromodomain mediates the binding of the protein to histone H3/H4 (7). However, ATAD2 also has a typical AAA ATPase domain (7) . In ATAD2, this ATPase domain, like in many other members of this family, mediates protein multimerization. An inactive ATPase domain does not multimerize and cannot be caught in pull-down assays by acetylated histone, which means AAA ATPase domain has co-activator functions of ATAD2 (6, 21) . Above all, it has been reported that ATAD2 could cooperate with MYC in activating transcription, and ATAD2 is limited and required for the efficient transcriptional activation of a subset of MYC target genes (7, 23) .
Dysregulation of the Hedgehog (Hh) pathway has been proven as implicated in the genes of hepatic cancer. Research has demonstrated that overexpression of the Smo proto-oncogene mediates c-myc-overexpression, which plays a critical role in hepatocarcinogenesis (13) . Blocking the hedgehog pathway was able to inhibit proliferation, and repressed c-Myc and cyclin D expression in a subset of HCC cell lines (13) . In addition, Myc-interacting zinc finger protein 1 (Miz1) as a Smo and Gli2 binding protein that positively regulated the Hh signaling pathway (22) (23) (24) (25) (26) . Miz1 could influence Hh activation in a Smo-dependent manner, and depletion of Miz1 blocks the nuclear translocation of Gli2 (27) (28) (29) . Based on above studies, we speculated ATAD2 may mediate MYC to regulate the Hh pathway activation, inducing the expression of numerous target genes, such as Ptch1, Hip, Gli and Wnt, that regulate proliferation, and differentiation (17, 30) .
In our present study, we detected the changes in the expression of PTCH1, SMO, Gli2 and MYC with transfection of ATAD2-RNAi-lentivirus in Huh7 and HCCLM3 cell lines. The mRNA and protein of PTCH1, SMO, Gli2 and MYC respectively decreased in Huh7 and HCCLM3 cell lines. Depletion of ATAD2 negatively regulated the Hh pathway activation. Moreover, we also detected the changes in the mRNA expression of ATAD2, SMO, and Myc in HCCLM3 cell lines treated with 1,000 nM KAAD-Cyc. The results indicated that the mRNA expression of ATAD2, SMO, MYC were all decreased after being treated with 1,000 nM KAAD-Cyc, compared with the control groups. Therefore, we speculate that upregulated ATAD2 was limited and required for MYC to regulated Hh pathway to influence the proliferation and metastasis of hepatic cancer, and depletion of ATAD2 was able to inhibit the activation of the Hh pathway, MYC genes and the growth of cancer. Moreover, blocking the Hh pathway also could negatively regulate the expression of ATAD2 and MYC genes. There was an interaction between ATAD2 and the Hh pathway.
In the present study, we demonstrated the ectopic upregulation of ATAD2 and Hh pathway in HCC tissues, and ATAD2 and Gli2 indicated a poor prognosis for HCC patients. We had six reasons to clarify the relationship and function of ATAD2 and the Hh pathway in HCC in a systematic, scientific and rigorous manner: i) the mRNA and protein expression ATAD2 and the Hh pathway were upregulated in HCC and hepatic cancer cell lines; ii) the negatively downregulated mRNA and protein expression of genes in the Hh pathway in hepatic cancer cell lines, after being treated with transfection of ATAD2-RNAi-l; iii) depletion of ATAD2 can inhibit the proliferative and invasive capacity in HCC cell lines and the growth of hepatic cancers in nude mice; iv) previous studies proved that ATAD2 could cooperate with MYC in activating transcription, and ATAD2 is required for the efficient transcriptional activation of a subset of MYC target genes; v) Myc was able to regulate SMO and Gli genes in the Hh signaling pathway; and vi) blocking the Hh pathway also could negatively regulate the expression of ATAD2 and MYC genes, after treated with 1,000 nM KAAD or Cyc. However, further studies are needed to determine the precise mechanism underlying the role of ATAD2 in HCC progression and to make ATAD2 an attractive target for future cancer therapeutics.
In summary, we found that ATAD2 and Ptch1 were both highly expressed in HCC tissues, compared with paired normal hepatic tissues. Moreover, we found that ATAD2 could affect the expression of the Hh pathway by PCR and western blot analysis in HCC cell lines, by observing the outcome before and after transfection. We speculate that ATAD2 cooperate with MYC-regulated expression of SMO, and Gli, activating the Hh pathway and inducing the active feedback of the Hh pathway.
